Introduction
A tropical cyclone (TC) normally exhibits a motion that is closely related to advection by the steering flow, which is typically defined as the pressure-weighted average wind within an annulus (e.g., a 5−7 degree latitude radius) centered on the TC (Chan and Gray 1982; Holland 1984) . In fact, TC motion somehow tends to deviate from the steering flow slightly. As pointed out by Carr and Elsberry (1990) , a westward-tracking TC generally moves faster than the steering speed and shifts to the left of the steering direction in the northern Hemisphere. Typhoons over the western North Pacific (WNP) typically move westward or northwestward because of the dominating steering flow controlled by the Pacific subtropical high (PSH; Wu et al. 2004) .
Typhoon Morakot (2009) ). As shown in Fig. 5 of Chien and Kuo (2011) , when Morakot was located over northern Taiwan Strait, strong and well-organized convective systems brought record-breaking heavy rainfall over southern Taiwan. The total rainfall during the typhoon event (5 days) exceeded 2000 mm over many mountainous areas in Taiwan. Several stations in southern Taiwan recorded rainfall even well over 3000 mm. Numerous flooding and mudslides associated with the huge amount of rainfall resulted in tremendous loss of property and human lives (nearly 700 deaths), which made it the most devastating typhoon in southern Taiwan in 50 years (Hong et al. 2010) . Chien and Kuo (2011) concluded that the slow transition speed of Morakot and the continuous formation of mesoscale convection with the moisture supply from the southwesterly flow are 1 The 45 full sigma levels are 1.0, 0.995, 0.988, 0.98, 0.97, 0.96, 0.945, 0.93, 0.91, 0.89, 0.87, 0.85, 0.82, 0.79, 0.76, 0.73, 0.69, 0.65, 0.61, 0.57, 0.53, 0.49, 0.45, 0.41, 0.37, 0.34, 0.31, 0.28, 0.26, 0.24, 0.22, 0.2, 0.18, 0.16, 0.14, 0.12, 0.1, 0.082, 0.066, 0.052, 0.04, 0.03, 0.02, 0.01, 0.0. 2 The bogus system includes two independent steps: the first is to remove the TC in the analysis field, and the second is to insert a new TC. We only applied the first step.
Morakot is tracking north-northwestward, Goni is circling counterclockwise toward the southern Taiwan Strait and Etau is heading toward south of Japan (Fig. 2a) . The three simulated TC centers, if connected by an axis, appear to rotate in a counterclockwise direction, similar to the finding in Chien and Kuo (2011) . Without Goni in the simulation (NG), Morakot moves more westward after passing Taiwan and makes landfall earlier on the southeast coast of China than the observed (Fig. 3a) . NG has a TC translation speed similar to OBS (Fig. 4a ), but its track error is no better than that of CON because of a westward shift after 48 h (Fig. 4b) . When Etau is removed (NE), Morakot's track is similar to that of CON (Fig. 3b ), but with a faster translation speed (Fig.  4a) . This results in a large track error after 48 h (Fig. 3c) . In the simulation of NGE, Morakot moves farther westward and faster than in NG (Fig. 3b) . This is also evident in Fig. 4 which shows that Morakot's translation speed in NGE is the fastest at 6−18 h (Fig. 4a) and the direction has the largest westward component at 18−24 h and 36−48 h among all experiments (Fig. 4b) . Therefore, its track error is the largest mostly after 24 h (Fig. 3c ). In the two most important factors that contributed to the heavy rainfall. The role of southwesterly flow in heavy rainfall has also been documented for many other TCs (e.g. Typhoon Mindulle, Chien et al. 2008) . In this paper, the focus is on the slow movement of Morakot which was closely related to the weak steering flow that resulted from the weakening PSH and the broad low-pressure systems surrounding Morakot. Such pressure systems came about by a combination of the three typhoons, Goni, Morakot, and Etau over the WNP (Fig. 2a) . Liang et al. (2011) pointed out that the interaction of Morakot with the multi-scale monsoonal gyres caused the track and speed changes of Morakot. Many other studies of Morakot (Ge et al. 2010; Nguyen and Chen 2011; Fang et al. 2011; Lee et al. 2011) documented, more or less, similar processes and factors that contributed to the extreme rainfall of Morakot. However, important questions that remained unanswered and are the foci of this paper include how Goni and Etau individually (or jointly) influenced the movement of Morakot, and what the mechanisms were behind the interaction of multi-TCs.
Model configuration
The Advanced Research WRF model (Skamarock et al. 2005) version 3.1.1 was used to simulate Typhoon Morakot. The model configuration includes three nested domains with horizontal resolutions of 45, 15, and 5 km ( Fig. 1) . Although a triple-nested configuration may not be necessary for a TC track study, we believe that a good simulation of Morakot during its landfall in a complex-terrain area like Taiwan is very important. To ensure consistency of TC track across domains, an option of feedback from nest to its parent domain (two-way interaction) was applied. There are 44 levels in the vertical, with the densest resolution located in the low atmosphere 1 . The model was initialized at 0000 UTC 7 August 2009 (Fig. 2a) , using the initial and lateral boundary conditions from the National Centers for Environmental Prediction (NCEP) Final Analyses (FNL) with one-degree horizontal grid. The WRF-Var was utilized to assimilate traditional soundings, surface observations, and other Global Telecommunications System (GTS) data. The Goddard Cumulus Ensemble microphysics, GrellDevenyi cumulus, and Yonsei University (YSU) PBL schemes were applied during the WRF simulations.
The simulation of the aforementioned model configuration is referred as the control run (hereafter CON). Additionally, three sensitivity experiments were conducted in order to examine the influence of Goni and Etau on the track of Morakot. In the no-Goni/no-Etau (hereafter NG/NE) experiments, Typhoon Goni/ Etau was removed using the TC bogus program 2 that comes with WRF (Davis and Low-Nam 2001) . In the no-Goni-Etau (hereafter NGE) run, both typhoons were removed. Meteorological fields of these sensitivity experiments (see Figs. 2b, c, d for example) were altered only in a small region near the removed TC. Outside that particular region, all fields remained nearly the same as those of CON (Fig. 2a) .
Model results
Figures 3a, b show the observed TC track (hereafter OBS) from 0000 UTC 7 August to 0000 UTC 10 August 2009 issued by the Central Weather Bureau (CWB) and the simulated tracks from the four experiments at 0−72 h. Besides a slightly larger error because of a faster translation speed (also see Fig. 4a ) during the late stage of the simulation, the simulated track of CON is generally in good agreement with OBS. The track error is smaller than 100 km before 48 h and increases to 200 km after that (Fig. 3c) . When summary, TC translation speeds of NG and NGE overall are more consistent with the observations than those of CON and NE, but their translation directions have relatively larger errors which lead to a westward shift of TC track. And, although CON and NE in general have better TC translation directions than NG and NGE, they produce TC tracks with faster speeds.
Data from domain 2 were used to compute steering flow of Morakot (Fig. 5) , which is defined by the weighted average of winds inside an annulus between 300 and 700 km from TC center, with the weighting proportional to the distance from the center. In the vertical, pressure levels from 700 to 300 hPa were taken into account, and the average was weighted by the depth that a data point represents (Chien and Kuo 2011) . Comparisons between Figs. 4a and 5a show that TC translation speeds of all experiments are faster than the corresponding steering flow speeds at 0−24 h and 66−72 h, and on average slightly slower at other times. Comparisons between Figs. 4b and 5b show that TC translation directions in degrees are in general smaller than those of steering flow. The largest differences occur around the TC landfall times 3 . A further computation, using all data in Figs. 4 and 5, shows that the average difference between TC translation and steering flow is 0.24 m s −1 for speed and −33.86 degrees for direction. These results suggest that Morakot moves faster than steering flow speed and shifts to the left of steering direction, which is consistent with Carr and Elsberry (1990) . We also calculated correlation coefficient (CC) between TC translation and steering flow and found that CC of speed is 0.85 and that of direction is 0.76, which suggest that the steering flow (Fig. 5) , despite differences in magnitudes, agrees generally well with the translation of Morakot (Fig.  4) . The relatively high CCs also support our approach of examining the influence of Goni and Etau on Morakot's movement by comparing the steering flow among experiments because the same biases to the translation may be cancelled in the process.
After Morakot completes landfall (> 30 h), the steering flow in NG becomes slower than in CON (Fig. 5a ) and its direction turns more toward the north as compared with the north-northeastward direction in CON (Fig. 5b) . Specifically, the flow speeds in NG are about 1 m s −1 slower than in CON after 36 h and the flow directions are around 180−190 degrees which are about 7−10 degrees smaller than in CON. This result agrees well with the TC tracks of CON and NG shown in Fig. 3a and suggests that the circulation of Goni tends to steer Morakot toward the north-northeast with a faster speed. The steering flow speed in NE becomes faster than in CON after 24 h (Fig. 5a ) and the direction remains nearly between CON and NG until 42 h (Fig. 5b) . Such a steering flow pattern is also consistent with the simulated TC tracks in Fig.  3b which shows that Morakot in NE has a similar but faster track compared with that in CON. This suggests that Etau's circulation caused Morakot to slow down during and after landfall. Steering directions of NGE are about 165−180 degrees after 12 h which are the smallest among the four experiments. Such south-southeasterly steering is mainly caused by the PSH in this particular situation when there were only Morakot in the WNP. The steering speeds of NGE are the fastest at 12 h and are faster than those of NG after 60 h, but they are slower than those of NG at 30−54 h. Combination of all these causes Morakot in NGE moving faster and shifting more westward than in NG as shown in Fig. 3 . It is important to note that although NGE, compared with OBS, appears to have the best steering flow speeds and directions among the four experiments (Fig. 5) , it actually produces the worst track at most of the times (Fig. 3) . This is because its TC translation (Fig. 4) becomes worse once the aforementioned biases are subtracted from the steering flow.
At 0−18h, Morakot in OBS and in simulations all moved faster than the steering speeds predicted by all simulations (Figs. 4a and 5a), which is consistent with Carr and Elsberry (1990) as aforementioned. However, after 24 h Morakot's translation speed in OBS started to decrease and reached a minimum of 1.5 m s −1 at 42 h. Although the simulated translation speeds of Morakot in all experiments roughly reflected this slow-down trend between 24 and 36 h, they fell short in capturing the slow movement of the observed TC after 42 h (Fig. 4a) . Terrain effect and diabatic heating produced by the strong convection to the south of the TC (Wang et al. 2012) , among others, may be the causes of such an extremely slow speed of Morakot. In this study, we focus on the impact of Goni and Etau on Markot's movement.
Partitioned steering flow
In Fig. 6 , the steering flow is separately presented at 5 different pressure levels. The slow translation speed of Morakot in CON at early times is a result of opposite steering flow in the vertical: easterly to northeasterly flow at 300 and 400 hPa and southwesterly flow below 500 hPa (Fig. 6a) . After 12 h, the upper-level easterly steering is weakening and turning to a northeasterly direction, while the low-level southwesterly steering gradually increases. The total steering flow thus weakens and turns south-southwesterly. Such a transition starts from lower levels and extends toward upper levels over time. At 42−48 h, steering flow becomes vertically consistent with an approximately southerly direction, and the total steering is southerly with a speed of 5 m s −1
. After 54 h, steering flow has a more-easterly component at lower levels and a more-westerly component at higher levels such that the total steering remains nearly unchanged.
In order to examine the roles that Goni and Etau play in above steering flow changes, we calculate vector difference of steering flow between CON and each sensitivity experiment. Figure 6b shows that the total steering differences between CON and NG are very small (≤ 0.5 m s −1
) before 30 h. The small differences are a result of opposite contribution of Goni in the vertical because Goni creates a steering varying from northwesterly to northeasterly flow at 300−400 hPa, and a westerly to southwesterly steering below 500 hPa. After 30 h, Goni moves counterclockwise toward the southeast (Fig. 2a) , resulting in a direction change of steering difference from northwesterly to southwesterly at high levels and a speed increase of southerly steering flow at lower levels. Consequently, the total steering differences increase and become southerly to southwesterly. It is therefore clear that Goni helps to increase southerly to southwesterly steering flow to Morakot after Morakot completes landfall.
Contrary to Goni, Etau helps to produce northerly to north- ) and (b) direction (degree) computed from simulations (CON, NG, NE, and NGE; curves 1−4, respectively). The translation speed and direction calculated from observations issued by the CWB (OBS, curve 5) are also plotted for comparison. A dashed box denotes the time period of TC landfall in observation.
westerly steering flow that holds back the north-northwestward movement of Morakot (Fig. 6c) . The major contributions (greater than 1.0 m s −1 ) are found at middle and lower levels (i.e., 500− 700 hPa) after 36 h when the north-northwesterly steering starts to increase. It is therefore evident that although Goni helps to increase the southerly to southwesterly steering flow, Etau continues to enhance the northerly to northwesterly steering flow to Morakot. Combination of these two nearly opposite forces produced a weak southwesterly steering flow because Goni provided slightly stronger steering than Etau. The combined flow counteracted a part of the south-southeasterly steering from the PSH, resulting in a weak southerly steering flow (Fig. 6a) and thus a slowly north-northwestward movement of Morakot (Figs. 3a and  4b) . Figure 6d shows that the steering flow differences between CON and NGE at 12−30 h are mostly westerly with magnitudes around 2.0 m s −1 at 500−700 hPa, while at higher levels the differences are mostly northerly. Summation of these in the vertical results in northwesterly steering flow differences between CON and NGE, indicating that the combined effect of Goni and Ettau is to slow down the northwestward movement of Morakot during this time period. At 36−54 h, most steering flow differences are southwesterly with magnitudes ranging from 1 to 3.0 m s −1 , and after 60 h the differences at lower levels (700 and 600 hPa) switched to an easterly to northeasterly direction. Such results lead to southwesterly steering flow differences in total, indicating that the combined effect of Goni and Etau at these times is to push Morakot northeastward as seen by comparing the tracks of NGE and CON (Fig. 3b) .
Conclusions
The WRF model simulated a good TC track of Morakot in CON. Without Goni in the simulation, Morakot deviated more westward and moved slower than in CON after passing Taiwan. When Etau was removed, Morakot's track was similar to that of CON, but with a faster translation speed. In the simulation of NGE, Morakot moved farther westward and faster than in NG. In other words, if there had been only Morakot in the WNP, Morakot would have primarily been affected by the PSH and tracked with a more westward direction.
It is found that the simulated TC generally moves faster than steering flow speed and shifts to the left of steering direction, similar to Carr and Elsberry (1990) . After Morakot completed landfall in Taiwan, Goni helped to increase southerly to southwesterly steering flow to Morakot, while Etau's circulation helped to produce slightly weaker northerly to northwesterly steering flow. Combination of these two nearly opposite forces created a weak southwesterly steering flow, which counteracted a portion of the south-southeasterly steering from the PSH. The outcome was a weak southerly steering flow which contributed to a slowly north-northwestward movement of Morakot. In conclusion, a triple TC interaction that composed of two binary interactions between Goni and Morakot and between Morakot and Etau influenced the translation of Morakot. 
